Heterocyst-forming cyanobacteria are organized as multicellular filaments of tightly interacting, functionally specialized cells. N 2 -fixing heterocysts differentiate from vegetative cells under nitrogen limitation in a semi-regular pattern along the filament. Diazotrophic growth requires metabolite exchange between neighboring cells within the filament. This exchange occurs via cell-cell junction complexes that span the gap between the plasma membranes and thereby cross the septal peptidoglycan through an array of uniform nanopores formed by AmiC-type cell wall hydrolases. We investigated how the lytic hydrolase AmiC1 (Alr0092) from Anabaena sp. PCC 7120, whose activity needs to be tightly controlled to avoid cell lysis, is regulated by the LytM factor Alr3353. Inactivation of alr3353 resulted in significantly fewer nanopores and as a consequence, a lower rate of fluorescent tracer exchange between cells. The mutant was not able to grow with N 2 as sole nitrogen source, although heterocysts were formed. Alr3353 localized mainly to fully developed intercellular septa of vegetative cells. The purified protein bound to peptidoglycan and enhanced the hydrolytic activity of AmiC1 in vitro. Our data show that the LytM factor Alr3353 regulates nanopore formation and cell-cell communication by directly interacting with AmiC1.
Introduction
The filamentous cyanobacterium Anabaena (Nostoc) sp. strain PCC 7120 (hereafter referred to as Anabaena sp.) serves as a model organism for the study of multicellularity in prokaryotes. For diazotrophic growth, some vegetative cells differentiate into nitrogen-fixing heterocysts in a semi-regular pattern between non-differentiating vegetative cells in the filament (Yoon and Golden, 1998) . The morphological and physiological changes that occur during differentiation provide a micro-oxic environment for oxygen-sensitive nitrogen fixation (Maldener et al., 2014) . The non-differentiated vegetative cells depend on metabolites derived from nitrogen fixation by the heterocysts and in turn supply heterocysts with reduced carbon compounds derived from photosynthetic CO 2 fixation (Wolk, 1968; Wolk et al., 1994; Kumar et al., 2010) . Also signaling molecules are transferred between cells of the filament; this intercellular communication is required for the even distribution of heterocysts along the filament (Kumar et al., 2010; Flores and Herrero, 2010) .
To enable a rapid transfer of metabolites, heterocystforming cyanobacteria evolved efficient cell-cell communication machinery in the form of cell-cell joining structures, functionally analogous to gap junctions in multicellular metazoa. To connect neighboring cells, these structures must span the periplasmic space and septal peptidoglycan (PGN) cross wall that separates neighboring cells. These cell-cell joining structures, which we will refer to as septal junctions, have long been known in filament-forming cyanobacteria (Metzner, 1955; Wildon and Mercer, 1963; Giddings and Staehelin, 1981 ), but understanding their structure and function has only recently become the focus of intense research (Flores et al., 2016) . The intercellular molecular exchange via these structures in various filamentous strains has been quantified using fluorescent tracer molecules; however, the participating proteins, of which the Fra proteins (FraC, FraD and FraG/SepJ) are candidates constituting the septal junctions, are not fully understood Mullineaux et al., 2008; Lehner et al., 2011; Merino-Puerto et al., 2011; N€ urnberg et al., 2014 Rudolf et al., 2015; NievesMori on et al., 2017a; Zheng et al., 2017) . It was shown that the intercellular molecular exchange is primarily temperature dependent, suggesting that the molecules move by diffusion from cell to cell (Nieves-Mori on et al., 2017b; Kang et al., 2017) .
In the cross walls of isolated PGN sacculi in Nostoc punctiforme PCC 73102 and Anabaena sp., circular, regularly arranged perforations of uniform size, termed nanopores, have been detected. It is thought that the arrays formed by about 100-150 of these nanopores together represent the embedding matrix of the cell-cell communication apparatus (Lehner et al., 2013; N€ urnberg et al., 2015) . It is also believed that a septal junction complex spans through each nanopore. Mutants that lack nanopore arrays or have a reduced number of nanopores transfer few or no molecules between cells. The successful installation of the entire cell-joining assemblage is apparently essential for filament morphology, cell differentiation, diazotrophy and intercellular communication (Lehner et al., 2011 (Lehner et al., , 2013 Merino-Puerto et al., 2011; Berendt et al., 2012; N€ urnberg et al., 2015; Bornikoel et al., 2017; reviewed in: Maldener et al., 2014; Flores et al., 2016) . Mutational analysis also demonstrated that periplasmic N-acetylmuramyl-L-alanine amidases, which are necessary for daughter cell separation in unicellular bacteria (Typas et al., 2011) , are involved in nanopore formation in the filamentous strains N. punctiforme (Lehner et al., 2011; Lehner et al., 2013) and Anabaena sp. (Berendt et al., 2012; Bornikoel et al., 2017) . To build the nanopore array, the involved lytic enzymes must be precisely controlled to prevent uncontrolled, lethal hydrolysis of the cell wall.
Regulatory strategies controlling PGN hydrolase activity described to date involve the control of gene expression and regulation of enzyme activity through the production of inhibitors or enzymes that modify the cell wall to block cleavage (Vollmer et al., 2008; Yamamoto et al., 2008; Moynihan and Clarke, 2011) . In addition, target mechanisms that guide amidases to their site of action are important for their spatiotemporal regulation. It has previously been shown in other bacteria that mechanisms for regulating PGN hydrolysis are linked to a localization and activation system to guarantee enzyme activity at the appropriate place and time (Yamada et al., 1996; Baba and Schneewind, 1998; Uehara et al., 2010; Goley et al., 2010; Peters et al., 2011; Yang et al., 2012; M€ oll et al., 2014; Miyagishima et al., 2014; Frandi et al., 2014; Ercoli et al., 2015; Stohl et al., 2016; Tsang et al., 2017) .
In unicellular bacteria such as Escherichia coli, daughter cell separation is mediated by three largely redundant amidases, namely AmiA, AmiB and AmiC (Heidrich et al., 2001; Priyadarshini et al., 2007) . These PGN hydrolases break cross-links in the PGN matrix by cleaving bonds that link the stem peptides to the glycan backbone (Vollmer et al., 2008) . In vitro, they are autoinhibited and have low basal activities; to promote cell division, they must be activated by their divisomeassociated LytM activators EnvC and NlpD, which are exported to the periplasm (Uehara et al., 2009 (Uehara et al., , 2010 Yang et al., 2012) . EnvC activates AmiA and AmiB and NlpD activates AmiC (Uehara et al., 2010) . LytM of Staphylococcus aureus is a well-characterized autolysin that belongs to the M23 metallopeptidase family, comprising primarily bacterial PGN hydrolases with a range of cleavage specificities (Odintsov et al., 2004; Firczuk et al., 2005; Grabowska et al., 2015) . However, some LytM proteins have no detectable hydrolytic activity (Uehara et al., 2010; Ercoli et al., 2015; Stohl et al., 2016) . NlpD additionally contains a LysM domain, a protein motif known to mediate the targeting of proteins to the bacterial cell wall (Buist et al., 2008; Bateman and Bycroft, 2000) .
A common feature of cell-separating amidases in gram-negative bacteria is the presence of a self-inhibitory a-helix, formed by a sub-domain of approximately 50 amino acids. To make the catalytic site accessible, the a-helix must be displaced from the active site of the amidases by a conformational switch promoted by the LytM factors EnvC and NlpD (Uehara et al., 2010; Yang et al., 2012; Rocaboy et al., 2013) .
In a previous study, we have shown that such an inhibitory a-helix is absent in AmiC2 from N. punctiforme (homologous to AmiC1 and AmiC2 from Anabaena sp.). This implies that a different mechanism regulates AmiC homologs in filamentous heterocyst-forming cyanobacteria (B€ uttner et al., 2016) . The drilling of pores of uniform size and shape with a precise distribution across the septal PGN requires complex regulatory machinery. To identify possible amidase regulators in Anabaena sp., we searched its genome and discovered several open reading frames (ORFs) with sequence similarity to envC and nlpD of E. coli. Here, we describe the functional characterization of a LytM factor protein encoded by alr3353, which influences diazotrophic growth, nanopore formation and intercellular communication. Furthermore, the purified Alr3353 protein potentiated AmiC1 activity in vitro. Alr3353 is the first identified regulator of the cell wall amidase AmiC1 from Anabaena sp., and like AmiC1, it is crucial for the complex lifestyle of this multicellular bacterium.
Results

NlpD-like proteins are present in filamentous cyanobacteria
In E. coli, the LytM factor NlpD plays an important role in daughter cell separation by activating the amidase AmiC. Using BLAST analysis, we identified two ORFs in Anabaena sp., namely alr3353 and all5163, that encoded proteins with both putative LysM and LytM domains (Fig. 1A) , and that have 44 and 38% amino acid identity respectively, to the LytM domain of NlpD from E. coli (Fig. 1B) .
Gene alr3353 encodes a 760 amino acid protein with four predicted domains: two coiled-coil domains (residues 213-236 and 464-491) , an N-terminal LysM domain (residues 306-350) and a C-terminal LytM domain (residues 652-747) (Fig. 1A) . SecretomeP analysis classified the deduced amino acid sequence as a non-classically secreted protein (score > 0.9), and Phobius analysis classified the protein as non-cytoplasmic, but a signal peptide was not identified. However, when we used the second start codon (residue 36; position 4056792) in the GenBank annotation, the N-terminus (residues 36-59) was predicted to be a cleavable signal peptide for export to the periplasm. Based on this analysis, we suspect that the actual start codon is and that the first 23 residues after this start form a signal peptide; therefore, we classified residues 1-59 as a signal peptide. Furthermore, we conclude that Alr3353 is a periplasmic protein that is transported across the cytoplasmic membrane.
Gene all5163 encodes a 295 amino acid protein with four identifiable domains: a signal peptide (residues 1-31), two N-terminally located LysM domains (residues 45-91 and 100-127), and a C-terminal LytM domain (residues 189-279) (Fig. 1A) .
Compared to E. coli NlpD, Alr3353 and All5163 lack a so-called lipobox motif and transmembrane regions, which suggests that neither protein is membrane associated.
LytM domain protein Alr3353 is involved in diazotrophic growth
For functional studies of the NlpD paralogues in Anabaena sp., we constructed mutant strains SR592 (alr3353::pIM592) (Supporting Information Fig. S1A ) and SR605 (all5163::pIM605) (Supporting Information Fig.  S1E ) by inserting a plasmid in the respective ORF. Mutant SR605 fully segregated, as shown by PCR analysis (Supporting Information Fig. S1F ). By contrast, mutant SR592 retained PCR products corresponding to full-length copies of the wild-type gene even though the introduced vector had recombined at the expected site (Supporting Information Fig. S1B ). The mutated allele did not fully segregate, which indicates that the gene is essential. Nevertheless, semi-quantitative reverse transcriptase (RT)-PCR analysis showed that far fewer copies of alr3353 transcripts were present in the mutant (Supporting Information Fig. S1C ).
In medium containing combined nitrogen, both mutants formed filaments with a length similar to that of A. Predicted domains of Alr3353 and All5163. SP signal peptide; CC coiled-coil domain. The residues of respective domains are indicated. B. The LytM domains of E. coli NlpD, Alr3353 and All5163 of Anabaena sp., and the S. aureus LytM sequence were aligned using Clone Manager 9, Scientific & Educational Software. Grey shading highlights identical residues. Residues in the active site of LytM that are involved in catalysis are boxed in a dashed line (Odintsov et al., 2004; Firczuk et al., 2005) ; these residues are conserved in Alr3353 and All5163, but two are not conserved in NlpD (Uehara et al., 2010) . A. Light microscopy images of wild-type Anabaena sp. (WT), mutants SR605 and SR592, and complemented mutant SR592 (pIM688) grown in BG11 medium (NO 2 3 ) and 48 h after nitrogen step-down (N 2 ). Nitrogen-starved filaments were stained with Alcian blue. See also Supporting Information Fig. S2 . B. Growth of pseudocolonies of wild-type Anabaena sp., mutants SR605 and SR592, and complemented mutant SR592 (pIM688) on solid BG11 medium (NO 2 3 ) and medium lacking a combined nitrogen source (N 2 ) after seven days of incubation. After nitrogen step-down, filament suspension containing 50 ng Chl was spotted on agar and incubated for seven days. See also Supporting Information Fig. S2 . C. Nitrogenase activity of wild-type Anabaena sp. and mutant SR592 under oxic conditions. Filaments were incubated for 48 h in nitrogen-free medium before measuring nitrogenase activity in an acetylene reduction assay. The histogram shows the mean values 6 SD of two experimental replicates. Student's t test (mutant vs. wild type) P values are indicated as asterisks (**** P 0.0001). D. In strain SR592 (pIM688), gfp is expressed under control of the alr3353 promoter. GFP fluorescence was monitored 48 h after nitrogen step-down. Heterocysts do not auto-fluoresce. Images of GFP fluorescence (green; GFP), auto-fluorescence (red; AF), and an overlay (OL) are shown. Scale bars, 10 mm. E. Quantification of the GFP fluorescence of vegetative cells (VEG) and heterocysts (HET) in strain SR592 (pIM688). The box plot shows the median and the whiskers the min and max intensities measured in cells of 16 different filaments from two independent cultures. The average GFP fluorescence of vegetative cells and heterocysts from the wild type was subtracted from the respective intensities measured in SR592 (pIM688). Student's t test (mutant vs. wild type) P values are indicated as asterisks (**** P 0.0001).
the wild type and grew phototrophically comparable to the wild-type ( Fig. 2A and B and Supporting Information Fig. S2A ). In the heterozygous mutant SR592, unevenly shaped septa were formed, which resulted in irregularly shaped filaments with cells of shorter length and greater width ( Fig. 2A and Supporting Information Fig. S2B and C). When grown in nitrogen-free medium, both mutants formed cells that were morphologically similar to heterocysts of the wild type and that were spaced in a semiregular pattern along the filament. Alcian blue staining confirmed the presence of a polysaccharide layer in the heterocyst cell wall in both mutants ( Fig. 2A) . However, the alr3353 mutant SR592 was not able to grow when N 2 was the sole nitrogen source (Fig. 2B and Supporting Information Fig. S2A ).
In electron micrographs, the heterocysts of mutant SR592 and the wild type were equally developed (Supporting Information Fig. S3) ; therefore, we measured nitrogenase activity under oxic conditions (Fig. 2C) . The mutant showed about 49% of the wild-type activity, which indicated that the heterocysts were at least partially functional. These results suggest that differentiation of functional heterocysts was not affected in mutant SR592 (alr3353::pIM592) and that the growth defect Function of amidase activators in multicellular cyanobacteria 191 might derive from impairment in intercellular metabolite exchange.
To verify that the phenotype of the alr3353 mutant was caused by integration of plasmid pIM592 into the homologous site, the mutant was complemented with the self-replicating plasmid pIM688. This construct bears the alr3353 gene under control of its native promoter and linked to a promoter-less gfp reporter gene. This allowed us to detect the spatial and temporal distribution of alr3353 promoter activity by fluorescence microscopy. After transferring pIM688 to mutant SR592, which resulted in strain SR592 (pIM688), diazotrophic growth was restored and the morphology of the filaments appeared normal, which confirms that the growth defect was caused by insertional inactivation of alr3353 ( Fig. 2A and B and Supporting Information Fig.  S2B ). GFP fluorescence was detected both within the cytoplasm of vegetative cells and in heterocysts, which indicated that the alr3353 promoter was active in both cell types in strain SR592 (pIM688) (Fig. 2D ). However, quantification showed that the fluorescence intensity of GFP was slightly higher (1.2-fold) in vegetative cells (Fig. 2E ).
Alr3353 localizes to mature septa and extra copies have no effect on growth
We studied the subcellular localization of Alr3353 using an Alr3353-YFP translational fusion, in which YFP is fused to the C-terminus of Alr3353. To avoid misfolding of the fluorophore, which is a known problem when analyzing localization of periplasmic proteins by fluorophore fusion , we used a superfolder (sf) version of YFP. In strain SR660, wild-type alr3353 was substituted by the alr3353-sfyfp fusion gene (Supporting Information Fig. S1A ), such that alr3353-sfyfp is transcribed from its endogenous promoter. PCR analysis detected no copies of the wild-type gene in strain SR660, which indicated that the mutant was fully segregated and further confirmed integration of the sfyfp fusion at the recombination site (Supporting Information Fig. S1D ). Given that Alr3353 seems to be an essential protein, the observed segregation of the mutated allele implies that the fluorescent derivative of Alr3353 is functional.
Fluorescence from Alr3353-YFP was observed at the periphery of cells of strain SR660 outside the red autofluorescence and was primarily detected in the septal region between vegetative cells in nitrate-and N 2 -grown filaments ( Fig. 3A and B). Less YFP fluorescence was detected in septa between vegetative cells and heterocysts (Fig. 3B ). On average, the intensity in the septal region between two vegetative cells was about eightfold C. FRAP analysis of the intercellular exchange of calcein and 5-carboxyfluorescein (5-CF) between vegetative cells of wild-type Anabaena sp. and of mutant SR592. The histogram shows the mean rate constants (R) of fluorescence recovery for calcein and 5-CF. See Materials and Methods for description of the method and the evaluation. Data are means 6 SEM; the number of filaments analyzed is given in parentheses. Two independent cultures of the wild type and six independent cultures of the mutant were used. Student's t test (mutant vs. wild type) P values are indicated as asterisks (** P 0.01; **** P 0.0001).
higher than in the lateral cell wall (Fig. 3C) . The intensity in the septal region between vegetative cell and heterocyst on the other hand was about 1.8-fold higher compared to the lateral cell wall, resulting from the juxtaposition of adjacent cells. No difference in intensities in vegetative cells of nitrogen-grown and nitrogen-starved filaments could be observed (not shown). Furthermore, YFP fluorescence did not appear in early septa during cell division, but accumulated in the septal region between mature vegetative cells. The peripheral and septal localization of Alr3353-YFP indicated that Alr3353 is a cell wall protein.
To obtain more information about alr3353 function, we overexpressed the gene in Anabaena sp. If Alr3353 activates AmiC1, overexpression of the amidase activator could result in cell lysis, as observed upon overexpression of AmiC1 (Berendt et al., 2012) . Therefore, we cloned alr3353 under the control of the strong copper-inducible petE promoter (Hu et al., 2007) linked to a promoterless gfp reporter gene. The alr3353 overexpression plasmid pIM613, and as control the amiC1 overexpression plasmid pIM484 (Berendt et al., 2012) , were transferred into the wildtype background, producing strains OE613 and OE484 respectively. In the presence of 2 mM CuSO 4 in the medium, overexpression of alr3353 had no detectable effect on cells, whereas overexpression of amiC1 led to cell lysis after several days, as reported previously by Berendt et al. (2012) (Supporting Information Fig. S4 ).
Inactivation of alr3353 leads to fewer nanopores and impaired cell-cell communication
It was previously shown that AmiC-type amidases are needed for proper nanopore formation and cell-cell communication in the filamentous cyanobacteria Anabaena sp. and N. punctiforme (Berendt et al., 2012; Lehner et al., 2013; Bornikoel et al., 2017) . To investigate whether alr3353 is involved in this process, we purified septal PGN of the mutant and analyzed nanopore formation by transmission electron microscopy ( Fig. 4A) . We analyzed 28 septa of the mutant from three independent cultures. The mean number of nanopores per septum was significantly lower in the SR592 mutant (46% of the number in the wild-type; Fig. 4B ). However, no differences in size or shape of the nanopores were observed. Furthermore, various states of septum formation could be observed in transmission electron micrographs of Anabaena sp. sacculi (Supporting Information Fig. S5 ). No nanopores could be observed in these states, only completely closed septa contained nanopores.
Next, we analyzed the intercellular exchange of calcein and 5-carboxyfluorescein (5-CF) between vegetative cells of nitrate-grown cultures using fluorescence recovery after photobleaching (FRAP) analysis (Fig. 4C) . The rate of exchange of both calcein and 5-CF in the SR592 mutant was significantly lower, with rate constants about 50% and 35% of the wild-type activity respectively. No differences in the rate of exchange for calcein and 5-CF could be observed in the SR605 mutant (not shown). for 30 min at room temperature. The supernatant was collected after centrifugation at 20 000 3g for 30 min. The supernatant of one washing step and the pellet were collected, and all samples analyzed by SDS-PAGE. Bands 1-4 of Alr3353-GFP were excised from the gel and analyzed by LC-MS/MS. BSA was used as negative control. S: supernatant after incubation (unbound protein); W: wash fraction; P: PGN pellet (bound protein). B. Dye-release assays measuring PGN (purified form E. coli) hydrolysis by putative amidases (Np, from N. punctiforme) in the absence (pure) or presence of MBP-Alr3353 (1MBP-Alr3353). RBB-PGN was incubated with 2 mM of the indicated proteins for 30 min at 288C. Lysozyme was used as a positive control, and MBP was used as a negative control (1MBP). Undigested PGN was pelleted and the absorbance of the supernatants were measured at 595 nm. Activities were normalized to a control consisting solely of buffer and RBB-PGN. Shown are the mean values of a representative measurement performed in triplicate; error bars indicate the standard deviation. To analyze the biochemical function of Alr3353 and its putative interaction partner AmiC1, we purified the proteins by affinity chromatography. After several unsuccessful attempts to express full-length Alr3353 with polyhistidine tags, even a C-terminal fusion to GFP did not lead to a stable full-length product; the protein decomposed into smaller peptides. We were finally able to construct an N-terminal fusion to maltose binding protein (MBP) that was stable (MBP-Alr3353) and was used for further studies. We purified full-length AmiC1 (AmiC1 FL ) and a truncated version that consisted solely of the catalytic domain (AmiC1 CAT ) both with a GST tag, which was cleaved off during purification.
We first analyzed binding of AmiC1 FL and AmiC1 CAT to PGN in a PGN binding assay. The proteins were incubated with PGN purified from Anabaena sp. After sedimentation, the supernatant, which contained unbound protein and precipitated PGN, which contained bound protein, were analyzed by SDS-PAGE. The specificity of the PGN interaction was confirmed by a negative control with BSA, which does not co-precipitate with PGN. Both AmiC1 FL and AmiC1 CAT co-precipitated with PGN, which suggested that these proteins interact with PGN (Fig.  5A ). Since MBP bound to our purified PGN, the MBPAlr3353 fusion protein could not be used for PGN binding studies (Supporting Information Fig. S6 ). We therefore used the Alr3353-GFP variant, which consisted of peptide fragments of the full-length protein, to determine whether Alr3353 interacts with PGN. To identify the interacting and non-interacting peptides, we excised the different bands after performing the assay and analyzed them by LC-MS/MS (Supporting Information Files 1-3) .
In presence of PGN, two of the bands (bands 1 and 3) precipitated (Fig. 5A ). In the protein of band 1, we clearly identified the C-terminal part of Alr3353 (residues 449-760) comprising the LytM domain and the GFP tag. In the protein of band 3, we clearly identified the Cterminal part comprising the LytM domain (residues 587-760) and peptides of the LysM domain, but the intensities and accuracy of this latter finding were not completely reliable.
The protein of bands 2 and 4 did not co-precipitate with PGN (Fig. 5A ). In the protein of band 2, we identified the LysM and LytM domains (residues 68-760) and the GFP tag; the calculated mass of this region is approximately 92 kDa, but the band 2 ran on an SDS-polyacrylamide gel at the position of 50 kDa, which indicated that band 2 consisted of a mixture of peptides of similar size. Peptides of this mixture that interacted with PGN resulted in band 3, because a band running at the molecular mass of band 3 was not visible in the absence of PGN. Peptides of band 4 covered an overall sequence of 93 kDa, including the LysM and LytM domains (residues 68-760) and the GFP tag, but ran on an SDS-polyacrylamide gel at the position of approximately 30 kDa, which again indicated that the band contained a mixture of peptides. None of these peptides interacted with PGN, which indicated that the peptides were misfolded.
These results, especially the finding that peptides containing the LytM domain in the protein of bands 1 and 3, indicated that the C-terminal region of Alr3353 containing the LytM domain is able to bind PGN in vitro.
We next analyzed whether MBP-Alr3353 degrades purified PGN in vitro and the possible interaction of MBP-Alr3353 with AmiC1. We incubated MBP-Alr3353 with either AmiC1 FL or AmiC1 CAT in a dye-release assay of PGN hydrolysis (Zhou et al., 1988) . MBP-Alr3353 alone as well as the negative control of MBP did not show any hydrolytic activity (Fig. 5B) , even after longer incubation times (overnight; data not shown). By contrast, AmiC1 FL , AmiC1 CAT and AmiC2 CAT from N. punctiforme (Np), which was used besides lysozyme as positive control, promoted high levels of dye release from Remazol-Brilliant-Blue-coupled PGN (RBB-PGN) under the tested conditions as expected, because the self-inhibitory a-helix is missing (Supporting Information  Fig. S7 ). Combinations of MBP-Alr3353 with AmiC1 FL or AmiC1 CAT under the same conditions resulted in a significant increase in PGN hydrolytic activity. We repeated the assay eight times and calculated a 2.6-fold increase in hydrolytic activity of AmiC1 in the presence of MBPAlr3353. When MBP-Alr3353 was heat inactivated prior to the assay, no significant increase in PGN hydrolysis by AmiC1 was observed (data not shown). Additionally, we also incubated AmiC2 CAT (Np) and lysozyme with MBP-Alr3353. Whereas AmiC2 CAT (Np) also showed a significant increase in hydrolytic activity in combination with MBP-Alr3353, lysozyme did not.
To test whether MBP-Alr3353 directly interacts with AmiC1, we used microscale thermophoresis (MST; Jerabek-Willemsen et al., 2014). We titrated AmiC1 CAT against labeled MBP-Alr3353 and used a titration against lysozyme as a negative control. We detected binding of AmiC1 CAT and MBP-Alr3353 with a calculated K d of 43.1 6 1.8 mM (Fig. 6A) . No binding of MBPAlr3353 with lysozyme was observed (Fig. 6B) .
Discussion
Related to the multicellular lifestyle of filamentous cyanobacteria, AmiC homologues have evolved a special function in these bacteria termed nanopore array formation. To perform such a delicate task, the involved cell-wall hydrolases must be precisely localized and activated by a highly complex and tightly regulated process in coordination with the formation of the septal junctions. However, little is known about this process, especially the regulation of the AmiC-type amidases. To investigate whether NlpD homologues play a role in AmiC1 regulation, we studied the function of nlpD-like genes in Anabaena sp.
A mutant in all5163 showed no observable phenotype related to AmiC regulation under nitrogen-limiting conditions. By contrast, cells with insertional inactivation of alr3353 did not segregate under normal growth conditions. We therefore conclude that Alr3353 is essential for normal growth of Anabaena sp. and at least a few copies of the protein are necessary and sufficient for survival. Nevertheless, partial inactivation of alr3353 was sufficient to affect cell morphology. Similarly, NlpD proteins of other bacterial species are involved in determination of cell shape and morphology (Goley et al., 2010; M€ oll et al., 2010; Miyagishima et al., 2014; Ercoli et al., 2015; Stohl et al., 2016) .
Even though the alr3353 mutant formed normallooking heterocysts, which showed nitrogenase activity, it was not able to grow with N 2 as sole nitrogen source. Since nitrogenase activity relies on reduced carbon compounds from vegetative cells, the transfer of sugars to heterocysts does not seem to be affected in the mutant. Together with the reduced calcein and 5-CF transfer, fewer nanopores in the septal PGN and bleaching of the filaments during nitrogen starvation, this indicates that the alr3353 mutant is impaired in distribution of products of nitrogen fixation from the heterocysts to the vegetative cells. This is likely the main cause for the impairment of diazotrophic growth and explains normal growth on nitrate-containing medium, when an exchange of nutrients is not essential.
Our study clearly showed the cell wall localization of the Alr3353-YFP fusion protein. Furthermore, YFP fluorescence accumulated in the septal region between adjacent vegetative cells and was barely detectable in early stages of cell division, which indicates that Alr3353 is recruited to the septum after completion of cell division. Previous studies have shown that AmiC localizes in early stages of septum formation in a circular structure that resembles the Z-ring and migrates inwards with the invaginating septal cell wall during maturation, to finally cover the entire septal plane (Lehner et al., 2011; Berendt et al., 2012; B€ uttner et al., 2016) . In the Function of amidase activators in multicellular cyanobacteria 195 various states of septum formation observed in transmission electron micrographs (Supporting Information Fig. S5 ), nanopores appeared only in completely closed septa. Correlating the results of AmiC localization, septum maturation and nanopore appearance, we propose that AmiC must be kept in an inactive state until the septum is completely closed at the final stage of cell division. Then, a sudden activation process involving Alr3353 triggers nanopore formation in the septal disks of vegetative cells.
Previously it has been shown that AmiC accumulates in the cell wall of developing heterocysts to form the polar neck, probably by helping to constrict the septal PGN (Berendt et al., 2012; Lehner et al., 2013) . Because we could not detect any accumulation of Alr3353-YFP in the polar regions during heterocyst development (Fig. 3C) , Alr3353 is not needed for heterocyst septum constriction; nanopores are probably not created de novo in the septal PGN of heterocysts, which originate from preexisting vegetative cells. The temporary AmiC dependent modifications in the septal cell wall seem to involve mechanisms independent of Alr3353. The Alr3353-YFP protein observed in the lateral heterocyst wall could be involved in PGN turn-over processes.
Consistent with the idea that Alr3353 stimulates AmiC activity for nanopore formation in vivo and because the phenotype of the inactivated alr3353 mutant was similar to the defects observed in amiC-deficient mutants (Berendt et al., 2012; Bornikoel et al., 2017) , we purified recombinant Alr3353 and AmiC1 and analyzed them in vitro. In pull-down analysis with purified PGN, we showed that both proteins interact with PGN. We showed that the C-terminal region of Alr3353 comprising the LytM domain is able to mediate PGN binding in vitro. This finding supports the hypothesis that Alr3353 is localized at the cell wall, as suggested by our analysis of the subcellular localization. AmiC1 CAT and AmiC1 FL interacted with PGN, as expected because of their function. Nonetheless, the catalytic domain seems to be sufficient to mediate PGN binding in vitro.
Even though all four residues essential for catalytic activity in LytM of S. aureus are present, Alr3353 alone did not hydrolyze PGN in our dye-release assays (Odintsov et al., 2004; Firczuk et al., 2005) (Figs 1B and 5B). The Staphylococci LytM protein is involved in the cleavage of pentaglycine bridges, which are exclusively present in gram-positive PGN (Firczuk and Bochtler, 2007) . Therefore, we conclude that Alr3353 has regulatory activity instead of hydrolytic activity. Both AmiC FL and AmiC1 CAT showed significant PGN hydrolytic activity compared to the lysozyme control, similar to the results observed for AmiC2 CAT from N. punctiforme (B€ uttner et al., 2016) . The similar activities of AmiC1 FL and AmiC1-CAT suggests, as expected, that AmiC1 possesses no domains with auto-regulatory function. In the study of Uehara et al. (2010) , the basal PGN hydrolytic activity of the amidases AmiA, AmiB and AmiC of E. coli was lower than the lysozyme control. Surprisingly, co-incubation of Alr3353 with AmiC1 FL or AmiC1 CAT further enhanced the hydrolytic activity of these AmiC proteins to a similar extent, and our MST experiments showed a direct interaction between Alr3353 and AmiC1 CAT . Additionally, hydrolytic activity of AmiC2 CAT (Np) was also enhanced by the presence of Alr3353. Thus, Alr3353 seems to target the catalytic domain of AmiC, which results in enhanced hydrolase activity. Likewise, in Neisseria gonorrhoeae, NlpD potentiated the activity of AmiC, which had a high basal activity in comparison to E. coli AmiC (Stohl et al., 2016) .
Extra copies of Alr3353 in Anabaena sp. had no effect on growth and morphology, unlike in other organisms, where overexpression of amidase activators lead to lysis (Uehara et al., 2010; Goley et al., 2010; Tsang et al., 2017) . By contrast, overexpression of AmiC1 led to cell lysis and death. Excess AmiC1 obviously prevented the stringent regulation of its site-specific or temporal activity. Because overexpression of Alr3353 did not lead to cell lysis, and Alr3353 potentiated AmiC1 activity in vitro, we conclude that other mechanisms in vivo prevent the uncontrolled stimulation of AmiC1. We assume that there is a complex mechanism that spatiotemporally regulates amidase activity. It seems plausible that during septum formation, amidases in an inactive state are recruited close to their site of action, but are kept away from the septal PGN or inhibited by yet unknown factors. Upon completion of cell division, the amidases are recruited to the PGN matrix and are tightly and temporally controlled to form precise nanopores, and Alr3353 is involved in amidase activation.
Another protein and putative interaction partner of Alr3353 in Anabaena sp. that is also involved in nanopore formation is SjcF1, which has an SH3 domain (Rudolf et al., 2015) . Rudolf et al. (2015) identified two SH3 target motifs (PXXPX [RK] or [RKHYFW]XXPXXP) in Alr3353, which we confirmed. SH3 domains mediate various processes, such as increasing the local concentration of proteins, altering their subcellular localization and mediating the assembly of large multiprotein complexes (Morton and Campbell, 1994) . If Alr3353 and SjcF1 interact, this would strengthen our hypothesis of the assembly of a multiprotein complex for drilling nanopores.
In summary, Alr3353 of Anabaena sp. is involved in nanopore formation, possibly by potentiating AmiC1 activity through direct interaction. This indicates that nanopore formation is a highly sensitive and regulated process. To avoid unwanted PGN cleavage, it is likely that this process is precisely coordinated and fail-safe mechanisms prevent false activation of the nanopore-forming amidases until the complete machinery is properly assembled. Therefore, we suggest that yet unidentified factors that recruit the amidases to the drilling sites and negatively regulate their activity participate in nanopore formation. Recruitment of Alr3353 and its AmiC-regulating mechanism will be the subjects of further investigation.
Experimental procedures
Bacterial strains and growth conditions Anabaena sp. and derived mutant strains (Supporting Information Table S1 ) were grown photoautotrophically in BG11 medium containing NaNO 3 or in BG11 0 medium lacking combined nitrogen (Rippka et al., 1979) . Cultures were grown at 288C under constant illumination of 30-40 mE m 22 s 21 either on medium solidified with 1.5% (w/v) Difco Agar or in 100 ml Erlenmeyer flasks with constant shaking (100 rpm). Mutant strains were grown in media supplemented with antibiotics at the following concentrations: streptomycin (Sm), 5 mg ml
21
; spectinomycin (Sp), 5 mg ml 21 and/or neomycin, 50 mg ml
. To keep the selective pressure on non-segregated mutant strains high and constant, cultures were transferred weekly to fresh medium containing the appropriate antibiotics. Growth was monitored by periodically measuring the optical density at 750 nm. Before measurement, cultures were thoroughly homogenized by repeated pipetting. To induce heterocyst formation (nitrogen step-down), exponentially growing cultures were washed three times with BG11 0 medium, resuspended in BG11 0 medium equal to the original volume, and incubated under growth conditions. Chlorophyll a (Chl) content of cultures was determined according to Mackinney (1941) .
Escherichia coli strains (Supporting Information Table S1 ) were grown in lysogeny broth (LB) medium at 378C (Bertani, 1951) , supplemented when appropriate with the following antibiotics: kanamycin (Km), 50 mg ml
; chloramphenicol (Cm), 25 mg ml
; Sm, 25 mg ml
; Sp, 100 mg ml 21 and/or ampicillin (Amp), 100 mg ml
. For growth on solid medium, 1.5% (w/v) agar-agar was added. Strain Top10 was used as the host in plasmid constructions; strains HB101 pRL528 (Wolk et al., 1984; Sambrook et al., 1989) and J53 (RP-4) were used for triparental mating with Anabaena sp. (Elhai and Wolk, 1988) ; and strain Lemo BL21 (Novagen/Merck, Darmstadt, Germany) was used for recombinant protein expression.
Construction of mutant strains
Plasmids (Supporting Information Table S1 ) were introduced into strains of Anabaena sp. by conjugation (Elhai and Wolk, 1988) . Plasmid DNA and PCR fragments were purified using the Monarch Plasmid Miniprep Kit and the Monarch DNA Gel Extraction Kit (New England Biolabs GmbH, Frankfurt/Main, Germany) respectively. Gene sequences were obtained from Cyanobase (http://genome. microbedb.jp/CyanoBase). Colony PCR was used to amplify Anabaena sp. genes. All constructs were verified by sequencing (GATC biotech AG, Konstanz, Germany).
To inactivate alr3353 and all5163, internal fragments of both genes were amplified using primers 1170 and 1171.1 for alr3353 and 1166 and 1167 for all5163 (all primers are listed in Supporting Information Table S2 ). PCR products were fused into XhoI-digested pRL277 (Black et al., 1993) using Gibson assembly (Gibson et al., 2009) , yielding plasmids pIM592 and pIM605 respectively. After conjugation, the pRL277 derivative was recombined with the Anabaena sp. genome via single-crossover homologous recombination, which resulted in strains SR592 (alr3353 mutant) and SR605 (all5163 mutant). Segregation of the mutant alleles was analyzed by PCR (Supporting Information Fig. S1 ).
For complementation of mutant strain SR592 and analysis of promoter activity, a region containing the alr3353 ORF and 819 bp upstream including the putative promoter was amplified using primers 1624 and 1247. By Gibson assembly, the PCR product was fused with XmaI-digested pAM1956 (Yoon and Golden, 1998) . Plasmid pAM1956 harbors a gfpmut2 gene (encoding the green fluorescent protein GFP) downstream of the multiple cloning site, which produces a transcriptional fusion of the insert to gfp. The resulting plasmid pIM688 was transferred to mutant strain SR592 by conjugation, resulting in strain SR592 (pIM688).
To analyze the subcellular localization of Alr3353 in Anabaena sp., a translational fusion to yellow fluorescent protein (YFP) was constructed as follows. A 693-bp DNA fragment from the C-terminal part of alr3353 without the translational stop site was amplified by PCR with primers 1443 and 1329. The sfYFP gene was amplified from plasmid pIM672 (Faulhaber, 2017) with primers 1444 and 1445; primer 1444 encodes an additional 5 3 GS as a flexible linker. Both PCR products were fused with XhoI-and PstIdigested pRL277 using Gibson assembly, which produced a translational fusion between the C-terminal region of alr3353 and sfyfp. After conjugation, the resulting plasmid pIM660 was inserted into the Anabaena sp. genome via single-crossover homologous recombination, producing strain SR660. Recombination into the correct genomic locus and segregation of the mutant allele was analyzed by PCR (Supporting Information Fig. S1 ).
For overexpression experiments, the entire coding region of alr3353 was amplified by PCR using primers 1246 and 1247. The petE promoter (P petE ) was amplified by PCR using primers 1250 and pPetEfw. The alr3353 PCR amplicon was cloned downstream of the copper-inducible promoter P petE into XmaI-digested pAM1956 using Gibson assembly, resulting in co-transcription of alr3353 and gfpmut2 under control of P petE . The resulting plasmid pIM613 was transferred to Anabaena sp. by conjugation, resulting in strain OE3353. Copper-regulated genes were induced by adding 2 mM CuSO 4 to the culture medium, which led to overexpression (Olmedo-Verd et al., 2006; Hu et al., 2007) . When analyzed by fluorescence microscopy, the co-transcribed gfpmut2 resulted in emission of GFP fluorescence, which indicated expression of Alr3353 and GFP. Co-transcription of alr3353 and gfpmut2 mRNA was confirmed by semiquantitative RT-PCR (Supporting Information Fig. S4 ).
Gene expression analysis
Total RNA of 30 ml cultures of Anabaena sp. and derived mutant strains was extracted using UPzol RNA Isolation Function of amidase activators in multicellular cyanobacteria 197 solution according to the manufacturer's instructions (biotechrabbit GmbH, Hennigsdorf, Germany). Prior to cDNA synthesis, about 2 mg of extracted nucleic acid was treated with DNase I Amplification Grade (Sigma-Aldrich/Merck, Darmstadt, Germany) according to the manufacturer's protocol. Removal of DNA was verified by PCR. cDNA was synthesized by RT-PCR using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, ThermoFisher Scientific, Waltham, MA, USA) with 1 mg of total RNA as template. Primers used for gene expression analysis are given in Supporting Information Table S2 . The housekeeping gene rnpB was used as loading control.
Bioinformatic tools
Amino acid sequences were aligned using BLASTP (Altschul et al., 1997) . Amino acid sequences were analyzed and classified with InterPro v.65 (Finn et al., 2017) . Protein secretion and signal peptides were analyzed with SecretomeP (Bendtsen et al., 2005) and Phobius (Kall et al., 2004) . MINNOU (Cao et al., 2006) was used to recognize possible transmembrane domains. SH3-binding motifs were analyzed using CentriMo (Bailey and Machanick, 2012) .
Nitrogenase activity
Nitrogenase activity was determined by the acetylene reduction technique as described earlier (Bornikoel et al., 2017) . In short, after nitrogen step-down and 48 h of incubation under nitrogen-limiting conditions, cell suspensions (5-20 lg Chl) were placed in flasks sealed with rubber stoppers and incubated under an atmosphere of 13.3% acetylene in air (oxic conditions). After 3-4 h of incubation with shaking in the light at 288C, the amount of ethylene produced was determined by gas chromatography. Reactions were performed in triplicates.
Microscopy and FRAP
Cells were observed under light and fluorescence microscopy essentially as described earlier (Bornikoel et al., 2017) . GFP was monitored with a BP470 40-nm excitation filter and a BP525 50-nm emission filter. YFP was monitored with an ET500/20x excitation filter and an ET535/30m emission filter. Cyanobacterial auto-fluorescence was monitored using a BP535 50-nm excitation filter and a BP610 75-nm emission filter. Bright-field images were exposed for 10 ms and 80-150 ms in the fluorescence channels. Images of fluorescence were recolored by the Leica ASF software based on the filters used. Fluorescent images were taken as Z-stacks with 0.2 mm intervals. When indicated, Z-stacks were processed with LAS AF (Leica Microsystems, Wetzlar, Germany) and involved 3-D deconvolution using the blind approach with 10 iterations. Fluorescence intensity was quantified using ImageJ version 1.49b (Schneider et al., 2012) . PGN sacculi were observed by transmission electron microscopy as previously described (Bornikoel et al., 2017) . In brief, filaments were boiled in 4% SDS for several hours.
PGN was separated by ultra-centrifugation, and the pellet was washed three times with H 2 O; the resulting purified PGN was deposited on formvar/carbon film-coated copper grids (Science Services GmbH, Munich, Germany). PGN was stained with 1% (w/v) uranyl acetate, and the samples were examined with a Philips Tecnai10 electron microscope (FEI, Oregon, USA) at 80 kV.
Cells of Anabaena sp. were stained with calcein acetoxymethylester (AM) or 5-CF diacetate AM, FRAP was measured and data were analyzed as previously described (Bornikoel et al., 2017) . In short, a 500 ml cell suspension was stained with 10 mg of either calcein or 5-CF in the dark for 30-90 min. After several washing steps with culture medium, filaments were spotted onto BG11 agar and covered with a cover slip. FRAP was measured at room temperature with a Zeiss LSM 800 confocal microscope (Carl Zeiss AG, Oberkochen, Germany) using a 633/1.4 oilimmersion objective and the 488 nm line of a 10 mW laser as the excitation source. Chl auto-fluorescence (emission detection: 650-700 nm) and either calcein or 5-CF fluorescence (emission detection: 400-530 nm) were imaged simultaneously. After capturing a sequence of initial prebleaching images, the fluorescence of a region of interest was bleached by increasing the laser intensity by a factor of at least 10; the recovery of the fluorescence signal was then recorded as a sequence of images at 1 s intervals for 30-60 s.
Recombinant protein expression
Recombinant proteins were purified by affinity chromatography. After failing to purify Alr3353 as a fusion protein with an N-terminal polyhistidine tag, Alr3353 was fused to a C-terminal GFP-polyhistidine tag. For this, the ORF of alr3353 without the predicted signal sequence (bp 181-2280; encoding residues 61-760) was amplified with primers 1573 and 1574. The amplified fragment was cloned into EcoRI-and BamHI-digested pGFPe (Drew et al., 2006) using Gibson assembly, resulting in plasmid pIM690. For overexpression, an overnight culture of E. coli BL21 (pIM690) was used to inoculate 1 liter LB supplemented with ampicillin; the culture was incubated at 378C until it reached an OD 600 of 0.5. Overexpression was then induced by adding 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and incubating the culture for 3 h. Cells were harvested by centrifugation at 7000 3g for 10 min at 48C, and the pellet was stored overnight at 2208C. After thawing, the pellet was resuspended in 48 ml buffer H (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8), supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 24 mg lysozyme. The cells were lysed with a Branson Sonifier 250 (Branson Ultraschall, Dietzenbach, Germany); cells were sonicated five times for 1 min on ice (duty cycle 50%; output control: 3). Following addition of Triton X-100 to a final concentration of 1%, the suspension was gently mixed at 48C for 30 min. After centrifugation at 10 000 3g for 20 min at 48C, the supernatant containing Alr3353-GFP-8 3 His was applied to a HisTrap FF (GE Healthcare Life Sciences, Freiburg, Germany) according to the manufacturer's protocol. After thorough washing, Alr3353-GFP-8 3 His was eluted with buffer H containing 300 mM imidazole. Following SDS-PAGE analysis, fractions were pooled, concentrated and dialyzed overnight against assay buffer supplemented with 50% glycerol at 48C. Aliquots of the protein solution were stored at 2208C.
To purify Alr3353 fused to an N-terminal maltose binding protein (MBP) and C-terminal polyhistidine, the ORF of alr3353 without the predicted signal sequence (bp 181-2280; encoded residues 61-760) was amplified with primers 1630 and 1631. The amplified fragment was cloned into XmnI-and PstI-digested pMAL-c2x (New England Biolabs), using Gibson assembly, resulting in plasmid pIM703. For overexpression, an overnight culture of E. coli BL21 (pIM703) was used to inoculate 1 liter LB supplemented with ampicillin and 0.2% glucose, and the culture was incubated at 378C until it reached an OD 600 of 0.5. Overexpression was induced by adding 0.3 mM IPTG and incubating the culture for 3 h. Cells were harvested by centrifugation at 7000 3g for 10 min at 48C. Afterwards, the pellet was resuspended in 25 ml column buffer (20 mM TrisHCl, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.4) supplemented with 1 mM PMSF and 25 mg lysozyme and stored at 2208C overnight. The next day, the cells were slowly thawed on ice water and then lysed with a Branson Sonifier 250 by sonicating five times for 1 min on ice (duty cycle 50%; output control: 3). After centrifugation at 20 000 3g for 20 min at 48C, the supernatant containing MBP-Alr3353 was diluted with 125 ml column buffer and applied to an MBPTrap HP column (GE Healthcare) according to the manufacturers' protocol. After thorough washing, MBPAlr3353 was eluted with column buffer supplemented with 10 mM maltose. Following SDS-PAGE analysis, pure fractions were pooled, concentrated and dialyzed overnight at 48C against assay buffer (50 mM TrisHCl, 150 mM NaCl, pH 7.5) supplemented with 50% glycerol. Aliquots of the protein were stored at 2208C. As negative control, we purified the MBP protein expressed from plasmid pMAL-c2x using the same protocol.
As possible interaction partners of Alr3353, we also purified full-length AmiC1 (AmiC1 FL ) and a truncated version that contained only the catalytic domain (AmiC1 CAT ). For AmiC1 FL , amiC1 (ORF: alr0092) without signal sequence (bp 70-1884; encoding residues 24-628) was amplified with primers 1024 and 1068. For AmiC1 CAT (bp 1357-1884; encoding residues 453-628), primers 1024 and 1069 were used. Primer 1024 introduced an XhoI restriction site, and primers 1068 and 1069 introduced a BamHI restriction site for cloning. The PCR products were ligated into BamHI-and XhoIdigested pGEX-6P-1 (GE Healthcare). The resulting plasmids pIM587 and pIM588 encoded an N-terminal fusion of glutathione S-transferase (GST) to AmiC1 FL and AmiC1 CAT respectively. AmiC1 FL and AmiC1 CAT were purified as follows. An overnight culture of E. coli BL21 bearing the respective plasmid was used to inoculate 1 liter of LB supplemented with ampicillin. Cells were grown to an OD 600 of 0.5 at 378C, and overexpression was induced by adding 0.5 mM IPTG and incubating the cultures for 4 h. Cells were harvested by centrifugation at 7000 3g for 10 min at 48C, and the pellet was frozen at 2208C overnight. For purification, the pellet was resuspended in 48 ml PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.3), supplemented with 24 mg lysozyme and 1 mM PMSF, and the cells lysed with a Branson Sonifier 250 (duty cycle 50%; output control: 3) by sonicating five times for 1 min on ice. Following centrifugation at 48,000 3g for 30 min at 48C, the supernatant containing GST-AmiC1 was purified on a GSTrap FF column (GE Healthcare) according to the manufacturer's protocol. After thorough washing, 30 units of PreScission Protease (GE Healthcare) in assay buffer was added for oncolumn cleavage over three days at 48C to release AmiC1 FL or AmiC1 CAT . Following SDS-PAGE analysis, pure fractions were pooled, concentrated and dialyzed overnight at 48C against assay buffer supplemented with 50% glycerol. Aliquots of the proteins were stored at 2208C.
PGN isolation from E. coli MG1655 and labeling with remazol brilliant blue PGN from E. coli MG1655 (Guyer et al., 1981) was purified following the protocol of Glauner et al. (1988) with modifications according to B€ uttner et al. (2016) . PGN was coupled to Remazol Brilliant Blue (RBB) according to Rocaboy et al. (2013) with modifications according to B€ uttner et al. (2016) .
Dye release assay
Hydrolytic activity was measured using a dye release assay (Zhou et al., 1988) . RBB-PGN (3.7 mg wet weight) was incubated with 2 mM of a purified AmiC variant and/or MBPAlr3353 in assay buffer for 30 min or up to 18 h (overnight) at 288C with horizontal shaking at 300 rpm in a total volume of 200 ml. To ensure that dye release was enzymatic, proteins were heat denatured at 998C for 20 min prior to adding RBB-PGN. The reaction was terminated by the addition of 60% (w/v) ice-cold trichloracetic acid to a final concentration of 10% and kept on ice for 15 min. Following termination, all samples were centrifuged at 20 000 3g for 10 min at room temperature; undigested PGN pelleted, and 200 ml of the supernatant was used for measuring absorbance at 595 nm (Tecan Spark 10M microplate reader, Tecan Trading AG, M€ annedorf, Switzerland) to monitor hydrolytic activity. All results were normalized to a control containing only RBB-PGN and buffer. Lysozyme (2 mM) was used as a positive control. Purified MBP (2 mM) was used as a negative control.
PGN pull-down assay
PGN from Anabaena sp. was purified as described earlier (Bornikoel et al., 2017) . Sacculi were resuspended in pulldown buffer (10 mM Na 3 PO 4 , 150 mM NaCl, pH 6.8) to a concentration of 10 mg ml 21 (wet weight). The in vitro PGN pull-down assay was adapted from Leo et al. (2015) . In brief, 1 mM protein was incubated with 2 ml PGN (10 mg ml 21 ) from Anabaena sp. for 30 min at room temperature in pull-down buffer in a total volume of 30 ml. As negative control, pull-down buffer replaced PGN. After incubation, the sacculi were pelleted by centrifugation at 20 000 3g for 30 min at room temperature, and the supernatant was collected. The pellet was washed once with 60 ml washing Function of amidase activators in multicellular cyanobacteria 199 buffer (10 mM Na 3 PO 4 , 500 mM NaCl, pH 6.8) and again pelleted as before. The supernatant was collected, and the pellet was resuspended in 20 ml pull-down buffer. For analysis, all samples were supplemented with Laemmli buffer and heated for 10 min at 998C prior to loading onto an SDS-12% polyacrylamide gel and separated by electrophoresis.
LC-MS/MS
Nano-HPLC-MS/MS was used to analyze the protein bands from the PGN pull-down experiment. Excised protein bands were digested in-gel using trypsin. Nano-HPLC-MS/MS analysis was done on an Easy-nLC 1200 (Thermo Scientific, Waltham, USA) coupled to a QExactive HF mass spectrometer (Thermo Scientific) as described previously (Kelstrup et al., 2014) . Peptide mixtures were injected onto the column in HPLC solvent A (0.1% formic acid) at a flow rate of 500 nl min 21 and subsequently eluted with a 46-min gradient of 5-33% HPLC solvent B (80% acetonitrile in 0.1% formic acid) at a flow rate of 200 nl min
21
. The 12 most intense precursor ions were sequentially fragmented in each scan cycle using HCD fragmentation. MS data were processed using the MaxQuant software suite v.1.5.2. 8 (Cox and Mann, 2008) . Employing the Andromeda search engine (Cox et al., 2011) spectra were searched against a Uniprot E. coli database, against a database containing 248 commonly observed contaminants, and against the sequence of the gene product of alr3353. In the database search, semi-specificity was required for trypsin and up to two missed cleavages were allowed. Carbamidomethylation of cysteine was set as a fixed modification, and protein Nterminal acetylation and oxidation of methionine were set as variable modifications. False Discovery Rate (FDR) was set to 1% at both the protein level and peptide level.
Microscale thermophoresis
Direct interaction between AmiC1 CAT and MBP-Alr3353 was studied by microscale thermophoresis with a Monolith NT.115 (NanoTemper, Munich, Germany). MST is an immobilization-free technique used to quantify biomolecular interactions based on thermophoresis, i.e., the directed movement of molecules in a temperature gradient. This gradient is induced by an infrared laser, and thermophoresis strongly depends on size, charge, hydration shell, or conformation. By altering these molecular properties by adding binding partners in a titration series, it is possible to determine binding affinities (Jerabek-Willemsen et al., 2014) . Before analysis, glycerol was removed from AmiC1-CAT , and the protein was further concentrated to 3.3 mg ml 21 (167 mM) using centrifugal filter units. MBP-Alr3353 was labeled with the His-Tag Labeling Kit RED-tris-NTA (Nano Temper) and mixed either with 16 serial titrations of unlabeled AmiC1 CAT starting at 150 mM or with unlabeled lysozyme as negative control starting at 225 mM. The final buffer was assay buffer supplemented with 10 mM MgCl 2 and 0.05% Tween-20. Thermophoresis was measured in premium capillaries (Nano Temper) with 90% LED power and 40% IR-laser power. NT Analysis software v.1.5.41 was used for fitting the data and determining the K d value. The experiments were repeated three times.
